Purpose: To perform comprehensive profiling of long non-coding RNAs (LncRNAs) in temporal lobe epilepsy. Methods: We performed extensive profiling of LncRNAs and mRNAs in the mouse pilocarpine model in specific brain regions, the hippocampus and cortex, and compared the results to those of the control mouse. Differentially expressed LncRNAs and mRNAs were identified with a microarray analysis (Arraystar Mouse LncRNA Expression Microarray V3.0). Then, gene ontology (GO) and pathway analysis were performed to investigate the potential roles of the differentially expressed mRNAs in the pilocarpine model. Protein-protein interactions transcribed by dysregulated mRNAs with/without co-dysregulated LncRNAs were analyzed using STRING v10 (http://string-db.org/). Results: A total of 22 and 83 LncRNAs were up-and down-regulated (!2.0-fold, all P < .05), respectively, in the hippocampus of the epilepsy model, while 46 and 659 LncRNAs were up-and down-regulated, respectively, in the cortex of the epilepsy model. GO and pathway analysis revealed that the dysregulated mRNAs were closely associated with a process already known to be involved in epileptogenesis: acute inflammation, calcium ion regulation, extracellular matrix remodeling, and neuronal differentiation. Among the LncRNAs, we identified 10 LncRNAs commonly dysregulated with corresponding mRNAs in the cortex. The STRING analysis showed that the dysregulated mRNAs were interconnected around two centers: the mTOR pathway-related genes and REST pathway-related genes. Conclusion: LncRNAs were dysregulated in the pilocarpine mouse model according to the brain regions of the hippocampus and cortex. The dysregulated LncRNAs with co-dysregulated mRNAs might be possible therapeutic targets for the epigenetic regulation of chronic epilepsy.
Background
Long non-coding RNA (LncRNA) is non-coding RNA longer than 200 base pairs in length. Recently, LncRNA has gained attention for its role in epigenetic regulation and diverse cellular activities [1, 2] . Investigation into various human diseases, such as cancer and cardiovascular diseases, is ongoing to evaluate the potential association between dysregulation of LncRNAs and disease pathogenesis [3] [4] [5] [6] . For example, NEAT1, a LncRNA localized in the nucleus, regulates the replicate stress response and chemosensitivity with formation of paraspeckles induced by the p53 tumor suppressor. Carcinogenesis is closely associated with NEAT1 expression levels, and this LncRNA is considered a novel therapeutic target [7] . BCAR4 LncRNA plays a pivotal role in the metastasis of triple-negative breast cancers by activating a noncanonical Hedgehog/GLI2 transcriptional complex to alternate histone acetylation in chromatin. The epigenetic modulation of BCAR4 promotes tumor cell migration [8] .
Neurological diseases may be especially worthy targets for the exploration of dysregulated LncRNAs. Increasing evidences suggest that epigenetic mechanisms which control gene expression in the central nervous system (CNS), both in spatial and temporal manner, are deeply involved in the process of neural development, neurological disease and aging. LncRNAs may play the key role in the fine and complex epigenetic regulations of the nervous system. For example, LncRNAs are widely dysregulated in the brain of Alzheimer's disease mouse model, which may affect the synaptic plasticity, CNS neuronal differentiation, and stress responses external stimulus response processes [9, 10] .
Epilepsy is a prevalent neurological disease, but the mechanism of its pathogenesis is not fully understood yet. Mesial temporal lobe epilepsy (TLE), the most common form of epilepsy and the hardest to treat in adults, has been thoroughly investigated at the level of gross anatomy, neuronal circuits, and molecular pathways [11] [12] [13] [14] [15] [16] . Chronic TLE is known to damage hippocampus, resulting in mossy fiber sprouting, gliosis, and atrophy (also referred to as hippocampal sclerosis) [17] [18] [19] [20] [21] . In the course of hippocampal sclerosis, the mammalian target of rapamycin (mTOR) pathway and RE1-silencing transcription factor (REST) pathway are involved in cellular signal transduction and epigenetic mechanisms, respectively [22] [23] [24] . Termination of ongoing hippocampal sclerosis is considered a key step for the therapeutic management of epileptogenesis.
To date, very limited data are available regarding LncRNAs in chronic epilepsy. Recently, it has been reported that the expression of LncRNAs is altered in the epileptic brain of human and animal models, but further mechanistic investigations are still required [25] [26] [27] . Hence, we attempted to evaluate the detailed profiles of dysregulated LncRNAs in the pilocarpine mouse model by isolating and separating the cortex and hippocampus, which are the most important structures in the epileptogenesis of TLE. Understanding the differential expression mRNAs and LncRNAs in the cortex and hippocampus of a chronic epilepsy model might provide evidence for elucidation of the pathophysiology of epilepsy and inform the development of novel therapeutic agents.
Methods

Tissue preparation
The animals used in the current study were randomly selected from a large group of pilocarpine mouse models generated by previously described protocols [28] [29] [30] [31] . The experimental model was generated by a single systemic injection of pilocarpine (330-400 mg/kg, intraperitoneal; Sigma) in 5-week-old C57BL/6 male mice. The peripheral muscarinic effect was minimized by administration of methyl-scopolamine (1 mg/kg, intraperitoneal; Sigma) 30 min before the pilocarpine injection. Diazepam (5 mg/ kg, intraperitoneal) was administered to the mice for termination of the seizure 40 min after the onset of status epileptics (SE).
The mice were sacrificed by cervical dislocation 60 days after the induction of SE. The control mice were sacrificed at the same age as the experimental models. Cortex and hippocampus were dissected separately from each mouse and were immediately stored at À80 C. Each group consisted of 4 mice, and there were 16 samples in total. All procedures were approved by the Insitutional Animal Care and Use Committee of Seoul National University College of Medicine, and all experiments were performed in accordance with the relevant guidelines and regulations.
Microarray analysis
The RNAs were extracted from the 16 samples using TRIzol reagent (Invitrogen, USA), and the total RNA in each sample was quantified by the NanoDrop ND-1000. From each of the four groups, two isolated RNA samples were pooled from two samples within the group as a unit and were analyzed using the Mouse LncRNA microarray v3.0 (Arraystar). The microarray was prepared on the Agilent Array platform, following the Agilent One-Color Microarray-Based Gene Expression Analysis protocol (Agilent Technology) with minor modifications. Purification of the mRNA from the total RNA was completed by removing the rRNA (mRNA-ONLY TM Eukaryotic mRNA Isolation Kit, Epicentre).
Transcription into cDNA and sample labeling were performed with the Arraystar Flash RNA Labeling Kit (Arraystar, Rockville, MD, USA). The labeled cDNAs were hybridized onto the Mouse LncRNA Array v3.0 (8 Â 60K, Arraystar), washed, and then fixed.
Microarray expression analysis
The hybridized images were scanned and then analyzed using the Agilent Scanner (part number G2505C) and Agilent Feature Extraction software (version 11.0.1.1), respectively. Quantile normalization and subsequent data processing were performed using the GeneSpring GX v12.1 software package (Agilent Technologies). A total of 35,923 LncRNAs and 24,881 coding transcripts were analyzed. Volcano plots showed the relationship between fold change and statistically significant dysregulated expression of LncRNAs and mRNAs. The set point was Fold change !2.0 and P-value <0.05. For gross comparison of the expression patterns of LncRNA and mRNA in different samples, clustering analysis was conducted.
The 'co-dysregulated LncRNAs and mRNAs' were defined as simultaneous dysregulation of the corresponding LncRNAs and mRNAs, which were annotated based on the locations of the genomic sequences. The LncRNA was considered to be related to a specific mRNA when its sequence was located in one of the natural antisense, exon sense-overlapping, bidirectional, intergenic, intronic antisense, and intron sense-overlapping transcripts.
Gene ontology and pathway analysis of differentially expressed mRNAs
Gene ontology (GO) and pathway analysis were performed to investigate the potential roles of differentially expressed mRNAs in the pilocarpine model and control. The GO categories were derived from Gene Ontology (http://www.geneontology.org). The pathway analysis was based on the KEGG (Kyoto Encyclopedia of Genes and Genomes, http://www.genome.jp/kegg) database. In both analyses, the P-value, which denoted the significance of each categorization, were calculated by Fisher's exact test. The cut-off P-value was <0.05, which was considered to be significant.
STRING analysis
Protein-protein interaction was analyzed with using STRING v10 analysis (http://string-db.org/). The network map was drawn based on the evidence from text mining based on Medline abstracts and full-text articles, published experimental associations, database associations, co-expression of proteins in mouse or a closely related species, neighborhood association, gene fusion, and co-occurrence of gene families whose occurrence patterns across genomes show similarities [32] . The minimum required interaction score was set to the custom value 0.500, corresponding to a confidence score between medium and high levels recommended by the standard protocol.
Results
Overall description of differentially expressed LncRNAs and mRNAs in the epileptic mouse brain
We analyzed a total of 35 (Fig. 1) .
Dysregulated RNAs exhibiting the top five highest fold changes are summarized according to RNA type, brain area, and regulation pattern inTable 1. The dysregulated LncRNAs were mostly intergenic. Among the dysregulated LncRNAs showing the highest fold change, three LncRNAs were located in the exon sense-overlapping strand of their associated mRNAs: Prdx1, Parvg, and Gnaz. However, those three mRNAs were not significantly dysregulated in the pilocarpine model (Table 1) .
Detailed profile of differentially expressed LncRNAs in epileptic mouse brain
The differentially expressed LncRNAs were analyzed in detail; specifically, their length, chromosomal distribution, and relationship with protein-coding genes were characterized (Fig. 2) . In the hippocampus, the up-regulated LncRNAs most heavily populated the 500-1000 nt bin (40.9%) and were most frequently transcribed from chromosomes 1, 6, and 13, equally (each 13.6%). For the down-regulated LncRNAs, the <500 nt bin was the most heavily populated (25.3%), and chromosome 2 was the most frequent transcription location (13.3%). In the cortex, both the up-and down-regulated LncRNAs most heavily populated the 500-1000 nt bin (30.4% and 26.7%, respectively). The up-regulated LncRNAs were most frequently transcribed from chromosome 13 (13.0%), and the down-regulated LncRNAs were most frequently transcribed from chromosome 2 (69.9%) ( Fig. 2 (A) and (B)). The dysregulated LncRNAs were mostly intergenic in both the hippocampus and cortex ( Fig. 2(C) ).
Gene ontology and pathway analysis
For the GO and pathway analysis, the expression levels of mRNAs in the pilocarpine model were first compared with that of the control group according to each brain region, the hippocampus and cortex. Then, the expression levels of mRNAs in the hippocampus and cortex were compared within the pilocarpine model. The top three most enriched classifications of the GO categories and KEGG pathway are summarized in Table 2 .
According to the GO categories in the hippocampus, the top 3 enriched biological processes corresponding to the mRNAs up-regulated in the pilocarpine model compared with those in the control were acute inflammatory response, positive regulation of release of sequestered calcium ions into cytosol, and epidermal cell differentiation. Whereas in the cortex, the top 3 enriched biological processes corresponding to the up-regulated mRNAs in the pilocarpine model were cell wall organization or biogenesis, cell wall macromolecule metabolic process, and cell wall macromolecule catabolic process. Within the pilocarpine model, CNS development, brain development, and cell differentiation were the most enriched biological processes corresponding to the mRNAs up-regulated in the hippocampus compared with those in the cortex (Table 2) .
For the KEGG pathway in the hippocampus, the top 3 enriched pathways corresponding to the mRNAs up-regulated in the pilocarpine model compared with those in the control were the TNF signaling pathway, Parkinson's disease, and calcium signaling pathway. In the cortex, the most enriched KEGG pathway corresponding to the mRNAs up-regulated in the pilocarpine model compared with those in the control was the NF-kappa B signaling pathway. Within the pilocarpine model, the top 3 enriched pathways corresponding to the mRNAs up-regulated in the hippocampus compared with those in the cortex were the neuroactive ligand-receptor interaction, PI3K-Akt signaling pathway, and ECM-receptor interaction (Table 2) .
Analysis of differentially expressed mRNAs associated with dysregulated LncRNAs
To elucidate the importance of LncRNAs in terms of protein coding regulation, the mRNAs and co-dysregulated LncRNAs which shared their transcription strands were further analysed. We found 10 LncRNAs commonly dysregulated with corresponding mRNAs in the cortex (Table 3 ). All ten mRNAs shared the same direction of regulation with the LncRNAs, and Ifi44 was the only up-regulated mRNA. The remaining differentially expressed mRNAs and LncRNAs were down-regulated in the pilocarpine model. Exon sense-overlapping and natural antisense were the most common types of dysregulated LncRNAs. There were no dysregulated LncRNAs with simultaneously dysregulated mRNAs in the hippocampus.
The relationship between dysregulated mRNAs and the mTOR and REST genes
STRING analysis was performed to evaluate the protein-protein interaction transcribed by the differentially expressed mRNAs in the brain of the pilocarpine model. In addition to the dysregulated mRNAs obtained from the current study, we included lists of mRNAs obtained from our previous study performed with the SurePrint G3 Mouse GE 8 Â 60 K Microarray (Agilent Technologies, Santa Clara, CA, USA) using the whole brain, which included fifty differentially expressed mRNAs adjacent to dysregulated LncRNAs in the pilocarpine model [26] . The interaction among the proteins corresponding with the dysregulated mRNAs were analyzed together with six mTOR pathway-related proteins (TSC1, TSC2, Akt3, Pik3ca, Pten, mTOR) and three REST pathway-related proteins (Hdac1, Hdac2, REST), which are the essential molecular signaling pathways involved in epileptogenesis (Figs. 3 and 4) [24] .
For the hippocampus (Fig. 3) , 128 mRNAs were analyzed; 42 proteins were connected with 65 edges via confidence 0.5000. Among the 42 mRNAs, 7 also exhibited dysregulation in their associated LncRNAs, which were all obtained from our previous study [26] . Eight proteins were directly associated with the mTOR pathway-related proteins, and 5 proteins were connected to the REST pathway-related proteins.
For the cortex (Fig. 4) , 527 protein-coding genes were analyzed; 252 proteins were connected with 729 edges via confidence 0.5000. Among the 252 mRNAs, 18 also exhibited dysregulation in their associated LncRNAs; 13 were from our previous study [26] , and 5 were from the present study. Twenty-seven proteins were directly associated with mTOR pathway-related proteins, and 18 proteins were associated with REST pathway-related proteins. The mTOR pathway and REST pathway related proteins functioned as the centers of the protein-protein interactions.
Discussion
Here, we showed for the first time that a number of LncRNAs and mRNAs were differentially expressed in the cortex and the hippocampus of the pilocarpine mouse model. GO and KEGG pathway analysis revealed that the differentially expressed mRNAs in the hippocampus were closely associated with well-known epileptogenetic processes, such as inflammation, cell differentiation, calcium regulation, and extracellular remodeling. STRING analysis showed that the proteins transcribed by the differentially expressed mRNAs in both the hippocampus and cortex in the pilocarpine model were interconnected around mTOR and REST pathway-related proteins. Furthermore, several co-dysregulated LncRNAs and mRNAs which shared their transcriptional strand were discovered. Our previous study [26] analyzed differentially expressed LncRNAs and mRNAs in the whole brain. That study was the first to profile dysregulated LncRNAs in two chronic epilepsy models: kainate and pilocarpine mice. We suggested lists of the dysregulated genes adjacent to dysregulated LncRNAs, and the GO and KEGG pathway analyses indicated a significant role for embryonic appendage morphogenesis, neuron differentiation, and inflammation in chronic epilepsy [26] . Because the neuronal characteristics and molecular pathways of epileptogenesis might vary according to brain anatomy, we designed the present experiment to evaluate two affected brain regions, the hippocampus and cortex. In our results, we identified that the lists of dysregulated mRNAs and LncRNAs were unique to each brain region. However, the lists did not overlap with the lists from the previous study; this can be explained by considering that the RNA expression from different structures might offset each other.
In both the hippocampus and cortex, intergenic LncRNAs were the most common. The second most common types of LncRNAs were intronic antisense in the hippocampus and exon sense-overlapping in the cortex. Most intergenic LncRNAs may act as trans-acting regulators for genome transcription as some RNAs do or are by-products of gene regulation such as chromosome remodeling [2, 33, 34] . Because the elucidation of trans-acting LncRNAs is very challenging, we focused on the analysis of the dysregulated antisense LncRNAs and exon sense-overlapping LncRNAs.
ENSMUST00000156145 was the fifth most up-regulated LncRNAs in the hippocampus of the pilocarpine model, which is located in the exon sense-overlapping region of the Prdx1 gene. Peroxiredoxin 1 protein transcribed by Prdx1 is known to be involved in the antioxidant activity of T cells and promotion of inflammation and might play a role in the regulation of the mTOR-related pathway [35] . The Gnaz gene was associated with the fourth most down-regulated LncRNA (ENSMUST00000160421) in the cortex of the pilocarpine model, located in the exon sense-overlapping region. Guanine nucleotide-binding protein G(z) subunit alpha transcribed by Gnaz is a member of a G protein subfamily that mediates signal transduction Hippo = hippocampus; Pilocarpine = pilocarpine mouse model; GO = gene ontology; KEGG = Kyoto Encyclopedia of Genes and Genomes; CNS = central nervous system; ECM = extracellular matrix.
through a G-protein coupled receptor in various neuronal tissues including the hippocampus [36, 37] . Although the expression of these two mRNAs, Prdx1 and Gnaz, were not significantly dysregulated in our current analysis, the GO and KEGG pathway analysis in the pilocarpine model showed an increase in the TNF signaling pathway in the hippocampus and decreased G-protein coupled receptor activity in the cortex. Thus, the particular role of the LncRNAs ENSMUST00000156145 and ENSMUST00000160421 in the process of epileptogenesis needs to be elucidated in another study. Furthermore, the mRNAs showing significant but less fold change (Fold change > 1.5) might be valuable to be reviewed for an association with the dysregulated LncRNAs. GO and KEGG pathway Analysis of the differentially expressed mRNAs provided evidence for the molecular mechanisms of epileptogenesis. Clinical and experimental results demonstrated that inflammation plays a crucial role in the pathogenesis of chronic epilepsy [38] [39] [40] [41] . In the hippocampus of the pilocarpine model, acute inflammatory response, the most up-regulated biological process in GO, supported this concept with the TNF signaling pathway, which had the highest enrichment score on Table 3 LncRNAs and their associated genes that were co-dysregulated in the temporal lobe epilepsy model. Fig. 3 . STRING analysis in the hippocampus of epileptic mouse brain. STRING analysis shows protein-protein interaction. Only the proteins with more than one interaction are displayed. In the hippocampus of the pilocarpine mouse model, 42 differentially expressed proteins were connected with 65 edges. The thicker line represents stronger evidence for the association. Yellow hexagon: the mTOR pathway-related proteins (TSC1, TSC2, Akt3, Pik3ca, Pten, mTOR), Blue triangle: the REST pathway-related proteins (Hdac1, Hdac2, REST), Brown boxes: the proteins transcribed by the dysregulated mRNAs associated with co-dysregulated LncRNAs in our previous study. 25 The yellow hexagon and the blue triangle compromise the two centers of the interaction. The brown boxes are closely associated around the two centers. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
KEGG pathway. TNF alpha is known to increase the mean frequency of AMPA-dependent miniature excitatory postsynaptic currents in hippocampal neurons and decrease GABA-mediated inhibitory synaptic strength [42, 43] . NF-kappa B signaling was also the most up-regulated KEGG pathway in the cortex of the pilocarpine model, supporting a former study that showed that the chronic epilepsy-affected brain has a pro-inflammatory milieu with increased NF-kappa B activity [44] [45] [46] . PI3K-Akt signaling pathway was significantly up-regulated in the hippocampus compared to the expression in the cortex, which is already known to regulate key events in the inflammation response and epileptogenesis [47] . In addition, biological processes already known to be involved in epileptogenesis were also highly increased in the epileptic hippocampus: cell differentiation, cytosolic calcium accumulations, extracellular matrix remodeling, and ligand-receptor interactions. [17, [48] [49] [50] [51] Cell differentiation-related mRNAs were overexpressed in the hippocampus of the pilocarpine model when compared to the cortex, which can be linked to mossy fiber sprouting [52] . The mRNAs related to cytosolic calcium accumulations were up-regulated in the hippocampus of the pilocarpine model compared to the cortex of the pilocarpine model and the hippocampus of the control group. Calcium accumulation through TRPV1 channels in the hippocampus is known to induce glutamate release and mitochondrial depolarization; increased glutamate concentration excites neuronal activity, which causes epilepsy, and depolarized mitochondria activate caspase-related apoptosis [50] . Disrupted dynamics of the extracellular matrix (ECM) might be deeply involved in the epileptogenesis of the pilocarpine model as ECM components and ECM-receptor interaction were highly up-regulated in the hippocampus. Remodeling of ECM was shown to be important in epileptogenesis by inducing abnormal GABAergic activity, mossy fiber sprouting, and gliosis [49] . Abnormal ligand-receptor interaction is also known to cause seizures by erroneous synchronization of synaptic transmission in the hippocampus [51] . It is noticeable that some of these enriched pathways were in consistency with the previous study regarding LncRNAs in TLE: inflammatory response, ECM-receptor interaction, regulation of actin cytoskeleton, and ligand-receptor interaction [25] .
The STRING analysis showed that the proteins transcribed by the dysregulated mRNAs in both the hippocampus and cortex were closely interconnected to mTOR and REST pathway proteins, which are encoded by well-known epileptogenesisrelated genes [24] . Also, it is remarkable that previous studies regarding LncRNAs in TLE have suggested the importance of mitogen-activated protein kinase (MAPK) signaling pathway, which is closely related to these two pathways [25, 27, 53, 54] . Specifically in the cortex, the proteins transcribed by dysregulated mRNAs with co-dysregulated LncRNAs were located near the centers among the interactions. Among them, the following two genes were notable: NF1 and Suv39 h2, which were both down-regulated in the cortex of the pilocarpine model. Neurofibromin, a large tumor suppressor protein transcript by NF1(Neurofibromin 1; OMIM 613113), is a key protein for neurofibromatosis type I disease. Neurofibromin functions as a GTPase-activating protein, a negative regulator of the RAS signal transduction pathway, participating in myelin sheath formation and NMDA synaptogenesis [55, 56] . RAS activates PI3K, which is upstream of mTOR signaling [54, 57] . The Suv39 h2 gene (suppressor of variegation 3-9 homolog 2, OMIM 606503) encodes a histone-lysine N-methyltransferase that regulates chromatin remodeling and protects genome stability [55, 56] . REST, also called NRSF (neuron-restrictive silencing factor) is considered to play an essential role in the epigenetic mechanisms of epilepsy [58] . REST can recruit an assembly of silencing machinery, including suppressor of variegation 39H1, a paralog of Suv39 h2, and the methyl DNA-binding protein MeCP2, to repress NRSE (neuron-restrictive silencing element, also called RE1), the regulatory sequence involved in epileptogenesis [58, 59] . As chromatin remodeling is known to be important in epileptogenesis, Suv39 h1 might play crucial roles in chronic epilepsy via epigenetic regulation. Though the role of the Suv39 h2 gene has been less characterized than Suv39 h1 so far, the results of our study showed that it was closely associated with the REST-related pathway. These two proteincoding transcripts were simultaneously dysregulated in same direction with the exon sense-overlapping LncRNAs.
The limitations of the current study exist; first, the SRSs were not confirmed by video-EEG monitoring in the pilocarpine injected mice. We have not performed EEG monitoring in the pilocarpine models, because we concerned that EEG electrode implant surgery will inevitably give damage to the cortex, therefore influence the expression of LncRNAs and mRNAs. However, as demonstrated in our recent study [31] , all of the animals which were generated by the same protocol and underwent continuous video-EEG monitoring demonstrated SRSs, which implies the successful development of chronic epilepsy in the mice used in the current study as well. Second, microarray results were not validated by qPCR due to a large number of dysregulated LncRNAs and mRNAs. However, it has been demonstrated on previous reports that the Arraystar microarray results are fairly well-matched with that of the qPCR [4] [5] [6] 10] . The qPCR should be performed in further studies assessing the therapeutic potential of modulating specific LncRNAs and mRNAs in the pilocarpine mouse model. In summary, this is the first study to analyze the detailed profiles of dysregulated LncRNAs in the isolated affected brain regions in a chronic epilepsy model. GO, KEGG pathway, and STRING analysis showed that the dysregulated protein-coding transcripts in the pilocarpine mouse model are associated with well-known factors of epileptogenesis. Lastly, we discovered several dysregulated LncRNAs with co-dysregulated mRNAs in the cortex that may be possible candidates for the regulation of chronic epilepsy. Further investigation of these LncRNAs might provide additional evidence of the mechanisms of epileptogenesis and a therapeutic option for chronic epilepsy. 
